We examined the 220-MHz NMR spectra for a series of oligopeptides derived from y-ethyl L-gluta- 
The work on chemically pure oligopeptides (1-4) can be considered of basic importance for the investigation of both synthetic and naturally occurring high molecular weight polypeptides. Conformational studies on solutions of oligopeptides help to establish the stability of given conformations, such as the a-helix and the g-structures, which, for a polydisperse polymer, have only a statistical significance. ORD and CD studies of many different oligopeptides (1) (2) (3) (4) have demonstrated the existence of a critical size for helix formation. By NMR, one might determine the critical size for helicity with great accuracy. Moreover, it would be possible to describe the (overall) conformations of the molecules (below and above the critical size) in a more direct manner than is allowed by inspection of CD spectra.
Exploratory NMR work has already been carried out on ethyl glutamate oligomers in trifluoroethanol (TFE) solutions (4) . This work confirmed that the onset of helix formation occurs at the heptamer, as shown by CD measurements (4) . We were able to assign only the NH peaks for the Nterminal NH, which is known to have a chemical shift way upfield of all other NH's (5) . In addition, it is always difficult to compare CD and N1\IR results because of the very different concentration ranges employed in the two types of experiments.t Although it is known that intermolecular associations are less likely to occur in TFE than in other helixsupporting solvents, such effects cannot be excluded in the fairly concentrated solutions used in NMR experiments.
This represents paper XXXIX in our series on Conformational Aspects of Polypeptide Structure.
Abbreviations: TFA, trifluoroacetic acid (CF3COOH); TFE, trifluoroethanol (CF3CH20H).
* NATO senior fellow on leave of absence from the Istituto Chimico, University of Naples, Italy. t The maximum concentration used in CD spectra is of the order of 0. 1% w/v in all oligopeptide studies, whereas a minimum concentration of 17o w/v must be employed to obtain nonaveraged NMIR steady-state high resolution spectra.
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A way to circumvent some of these difficulties is to use a variable solvent system, i.e., a solvent mixture whose helixsupporting and/or aggregation-promoting characteristics can be gradually varied.
The present paper deals with NMR studies of oligomers of benzyloxycarbonyl-y-ethyl iglutamate in mixtures of CDCL trifluoroacetic acid, TFA (6) . The benzyloxycarbonyl-7-ethyl L-glutamates were chosen from various possible oligopeptide series because they were already fairly well characterized, and a thorough understanding of their behavior could possibly constitute a basis for similar NMR studies on other oligopeptides. In fact, from the point of view of simple spectral assignment, this series is particularly promising since a preliminary study in TFE (4) has appeared where it was shown that each NH proton can give a separate peak, at least up to the hexamer. In the present report we include studies on poly(-y-ethyl L-glutamate) and one aspartate oligomer for the sake of comparison.
MATERIALS AND METHODS
The glutamate oligomers were prepared as described in our earlier work (7) . CDCb was purchased from Diaprep (Ga.). TFA was purchased from Columbia Organics, Columbia, S.C.
All solutions were prepared by dissolving 10-15 mg of each sample in 1 ml of CDCL3.
A concentration of about 1% w/v was found to be a good compromise, in all cases, between the need of minimizing aggregation phenomena and that of obtaining a large enough signal-to-noise ratio to run single-scan NMR spectra. Addi increasing the amounts of TFA (6) . This type of intermolecular association is apparently absent in the solutions of the lower oligomers, or, if present, it involves only a very small portion of the molecules. It may well be that in all solutions (above 0.8% TFA for the heptamer and above 0.1% TFA for the other oligomers) other types of associations are present, but they are not strong enough to affect seriously the mobility of the side chains. Other changes in linewidths and peak positions are observable in the spectra of all oligomers at higher TFA concentration; the most dramatic and also the most interesting from a conformational point of view are those concerning NH and a-CH regions.
Figs. [1] [2] [3] [4] show the chemical shifts of NH protons versus S TFA for all oligomers studied. As indicated in the figures, it is straightforward to assign the terminal NH's to the two peaks upfield of all other peaks. As previously mentioned, it is also possible to assign the peak farthest upfield to the Nterminal NH, on the basis of the spectra of many model compounds in various solvents (5) . The two NH peaks of the dimer shift gradually to lower field as the amount of TFA is increased, as one would expect for increasingly hydrogen- can also be observed in two of the internal NH's of the pentamer and the heptamer (Figs. 3 and 4, respectively) . Another interesting feature can be noted in the graphs of Figs. 3 and 4 with regard to the N-terminal NH chemical shifts. Instead of decreasing asymptotically toward the value corresponding to uniform solvation, as in the dimer and tetramer, these chemical shift plots present an inflection point at molar ratios of 0.14 and 0.19 for the pentamer and heptamer, respectively.
It is known that in long-chain polypeptides, the NH resonance (end-effects ignored) moves upfteld with increasing TFA concentration. In this sense, it might be possible to interpret the behavior of the NH resonances of the oligomers somewhat more fully. As n increases, the N-terminal NH changes over from a shift in the reverse direction to a "normal" dependence, i.e., similar to that just described. This may reflect increasing helical structure as n increases.
Again, as n increases, the C-terminal NH and some other NH peaks continue to show "abnormal" behavior, while others show "normal" behavior in varying degree. These latter resonances appear assignable to those which are most interior in the sequence. It should also be noted that the C-terminal NH and the one next to the C-terminal are never internally H-bonded, no matter how much helical structure develops. Therefore, the peak appearing just downfield of the C-terminal NH could be assigned to the residue adjacent to the Cterminal residue.
The changes in the a-CH region are more difficult to follow because of the proximity of the peak of the CH2 protons (of the ethoxy group). At about 1% v/v TFA, four peaks can 5.74T to move downfield until it is superimposed on the peak at 5.45T. Only after the two main a-CH peaks have emerged does one observe a further downfield shift of the low-field peak (between 2.8 and 7.0% TFA). In order to discriminate between solvation effects and conformational changes, we considered it useful to study an aspartate oligomer, in the same conditions employed for the glutamates. In fact, since it is well known that poly(i[aspartates) give rise to helices of lower stability than poly(iglutamates) (8), we expected to find a markedly different behavior of aspartate oligomers only if the spectral changes observed in the glutamates were indeed due to conformational changes. The region most affected by addition of TFA to a solution of Z-[Asp(OMe)]7-Asp(OEt)-OEt is once again the NH region. Only one broad peak is observable at all TFA concentrations, although at the lower concentrations a small shoulder on the high-field side seems present. (The N-terminal NH, which should be at rather higher field with respect to all others because of its different chemical nature (5) , is probably too broad to be observed). As shown in Fig. 6 , only a downfield shift of the single NH peak is induced by addition of TFA. At very high TFA content, a sharpening of the peak is also observed.
DISCUSSION
All the data presented indicate the existence of a definite transition in the titrations of the glutamate oligomers; it is barely perceptible in the case of the tetramer, while it is quite sharp and of a somewhat cooperative character in the case of the heptamer. From a purely phenomenological point of view it is fair to say that the abrupt change in some spectral parameters, induced by addition of TFA, is connected with a corresponding change in the accessibility of the peptide bonds to solvent molecules. This is expected to influence the NH's spectral parameters both directly (because the t At lower TFA concentration this peak is probably further upfield, but it is completely hidden by the -O-CH2 peak. (4) . Fig. 7 shows the dependence of the N-terminal NH chemical shifts on the number of amino-acid residues. It can be seen that the curve in pure TFE and CDCL3-0.5% TFA are very similar. At TFA contents equal to or larger than 2% there is no significant dependence of the chemical shifts on the number of residues. We can say then that the solute molecules in TFE and in 0.5% TFA are in the same physical state, i.e., they are not large intermolecular aggregates, as shown by ultracentrifugation studies in TFE solutions (9) .
The most important conformational information from a diagnostic point of view is given by the chemical shifts of the internal NH's as a function of TFA concentration. Figs. [2] [3] [4] show the presence of very pronounced minima for some of these chemical shifts. The depth of the minima indicates that the corresponding hydrogens are involved in intramolecular hydrogen-bonding. As one goes from the tetramer to the higher oligomers, the number of hydrogen-bonded NH's increases and the strength of the bonding becomes greater. Proc. Nat. Acad. Sci. USA 68 (1971) tetramer, pentamer, and heptamer, respectively. Further addition of TFA causes disruption of the folded structures, and the NH's previously involved in intramolecular hydrogen bonds will form hydrogen bonds with TFA molecules. In spite of the great strength of the bonds formed by TFA and amide bonds (10) , and of the effect of the concentration of TFA, the chemical shifts of the solvated NH's are at much higher fields than those of the minima. This observation again confirms that the transitions examined are from folded structures with very good intramolecular hydrogen bonds to random structures in which all NH's are uniformly solvated.
It must be emphasized that the NH's of the aspartate oligomer studied do not show any significant line shape change but only a smooth downfield shift of a single peak upon addition of TFA. This behavior is consistent with the progressive solvation of a completely disordered conformation and gives strong support to the hypothesis that the changes observed in the glutamate spectra are due to the presence of ordered structures. In fact, as mentioned above, it is well known (8) that polyaspartate helices possess lower intrinsic stabilities than polyglutamate helices, so that one should probably examine much longer oligoaspartates in order to observe the onset of any folded structure.
Last but not least among the spectral features supporting the presence of folded structures in solutions with low TFA content is the line-shape change observed in the a-CH region of the glutamate heptamer. The spectra shown in Fig.  5 are formally indistinguishable from those of a polypeptide undergoing a helix-coil transition. At low TFA content the two main peaks are separated by about 0.3 ppm and their positions are close to those attributed to the random coil and helix peaks of polyglutamates (6) . Addition of very small amounts of TFA influences only the position of the highfield peak (that close to the helical position) which shifts downfield, as does the helical a-CH peak of a polypeptide during the helix-coil transition. This shift must be due to a conformational change, since the other peak is totally unaffected.
The resemblance between the heptamer spectra and those of polyglutamates does not necessarily prove that the conformations are identical, but certainly suggests that they are of a very similar nature, i.e., we cannot state that the heptamer contains a segment of a-helix, but it is fair to say that it contains a segment of helical conformation.
In view of the relevance of the oligomers as model compounds for polypeptides, and, in particular, of the described conformational variations to the problem of the helix-coil transition, it is in order to discuss the role eventually played by chemical exchange processes in the transitions observed in the oligomer solutions. This point is particularly important with respect to the problem of the multiple-peaks feature of the a-CH and NH regions in spectra of partially helical polypeptides (11) (12) (13) (14) .
Taking into account the fact that the end groups are always going to be strongly solvated or involved in intermolecular associations because of their greater accessibility, one can only postulate the existence of one intramolecular hydrogen bond for the tetramer and one, two, or three for the pentamer and the heptamer. One should not conclude that the conformations of these oligomers are in fact determined by precisely one or two given types of hydrogen bonds, but simply that on the average only one, two, or three particular protons of the internal residues can actually take part in the formation of the folded structure. As the number of the residues becomes larger, the strength of the hydrogen bonds in the inner part of the molecule becomes greater and this portion of the molecule becomes less and less accessible to the solvent, while the terminal parts remain more accessible. Eventually, when the number of residues is large enough, it is also possible to have a kind of averaging among some of the internal NH's not involved in the strongest hydrogen bonds: this would explain the fact that two of the NH's remain indistinguishable throughout the whole concentration range in the case of heptamer.
For a polymer the situation may be different because certain segments of the polymer chain can actually be in both the helical and the random-coil conformations. Thus, in the case of a sufficiently long polymer chain, it may be possible to observe changes in the areas of the peaks resulting from variations in the conformational state along the chain and to chemical exchange among the NH's. Such a spectral behavior would be greatly enhanced by any degree of -polydispersity of the polymer sample. Fig. 8 shows a comparison between the NH regions of the heptamer and of a low molecular weight sample of poly('y-ethyl -glutamate) throughout the transition (the high field N-terminal NH of the heptamer is not shown in the figure). It is very interesting to note that under proper experimental conditions (i.e., very high signalto-noise ratio and a rather low-molecular-weight polymer sample) the NH region of the partially helical polypeptide does not simply show two broad peaks, but a multiplicity of peaks closely resembling that of a long oligomer. It can be observed that, as the polymer is forced to approach a random coil conformation by addition of further TFA, the low-field peaks shift to higher field and diminish in intensity. Their intensity actually appears to be redistributed among different spectral positions, and finally to merge into the "random-coil peak".
The comparison shown in Fig. 8 , while not conclusive as far as the kinetics of helix-coil transition is concerned, certainly points to the relevance of end effects and polydispersity in determining the NNIR spectral changes typical of polypeptide solutions. It shows in fact that all such spectral changes can be easily interpreted in terms of varying mean helicity along the chain and of polydispersity without taking into account such an unlikely phenomenon as slow exchange.
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